Stx bacteriophages in 68 samples of beef and salad were quantified by real-time quantitative PCR (qPCR). Stx phages from the samples were propagated in Escherichia coli C600, E. coli O157:H7, and Shigella strains and further quantified. Fifty percent of the samples carried infectious Stx phages that were isolated from plaques generated by lysis.
and plaque blot hybridization using the stx 2 gene probe as previously described (20) .
Food samples were purchased from local retailers located in the city of Barcelona (Spain). The supermarkets and grocery stores were selected at random, and each sample was obtained from a different retailer to give a more general overview. In most cases, the stores had different suppliers. Thirty-six samples of ground beef (containing only beef) were freshly minced on request at local supermarkets. The 32 salad samples were from a commercially prepared mixture of salads, mostly containing frisée lettuce, corn salad, and radicchio (red chicory) from different suppliers. The salad mixtures presented some variations in salad composition, depending on the supermarket and the suppliers. Twenty-five grams of minced beef or salad was diluted 1:4 (wt/vol) in one-fourth-strength Ringer's solution. The mixture was placed in stomacher bags with filters (Afora, Barcelona, Spain) and homogenized for 2 min (masticator; IUL Instruments GmbH, Königswinter, Germany). Fifty milliliters of the homogenate was used to purify bacteriophages and for the measurement of microbiological parameters.
Bacteriophages were purified from the mixtures by filtration through low-protein-binding 0.22-m-pore-size membranes (Millex-GP; Millipore, Bedford, MA) and concentrated as described previously (16) . Bacteriophage suspension was treated with DNase (100 units ⅐ ml Ϫ1 ) and incubated at 37°C for 1 h. An aliquot of the sample at this stage was amplified by qPCR to confirm that free DNA containing stx had been removed and that only phage DNA from phage particles was amplified.
To assess the presence of infectious Stx phages in the food samples, 5 ml of a culture (optical density at 600 nm [OD 600 ] ϭ 0.5) of strains E. coli O157:H7, E. coli C600, and S. sonnei 866 was added to 30 ml of LB broth, and 15 ml of the bacteriophages was purified from the samples. Cultures were incubated at 37°C for 18 h. Bacteriophages were purified from the supernatant of the enrichment cultures as described above.
DNA was isolated from the phages by proteinase K digestion and phenol extraction (16) . The presence of stx 2 in phage DNA was qualitatively determined by conventional PCR with primers UP378/LP378 (19) for a first-round PCR and internal primers for a second-round nested PCR (19) , and amplified fragments were sequenced (20) . This set of primers amplified all stx 2 variants except stx 2f . For sequencing purposes, primers S2Aup/lp and GK4 (18) , amplifying the A and B subunits of the stx 2 operon (18), were used.
The number of stx copies in phage DNA was quantified by a custom TaqMan qPCR (15, 16) . The qPCR is located within the 169-bp amplicon generated with the internal primers described above (19) . Since Stx phages are known to carry only one stx copy, the stx gene copy (GC) values can be extrapolated to be the number of Stx phages in each sample. For quantification by qPCR, standards were prepared (15) , and the number of stx copies in the samples was calculated by reference to this standard. The GC values presented are the average value from the three replicates performed for each sample. To screen for PCR inhibition, dilutions of the standard used for quantification were spiked with DNA extracted from the food samples, and the empirical difference was compared to the number of copies of stx in the standards (15) . Inhibition of the PCR by sample DNA was not detected. Evaluation of sensitivity and efficiency of the methods was reported previously (15, 16) . The detection limit of the technique obtained with the standard indicated that our reaction detected 5.29 stx gene copies, which corresponds to a threshold cycle (C T ) of 32.
Shiga toxin phages were detected by qPCR in all the beef samples and in the 68.7% of salad samples (Fig. 1) . Conventional PCR, even when using nested PCR, showed fewer positive results, with 55.6% of beef samples and 59.4% of salad samples testing positive. The range of C T values obtained from the samples was from 24 to 30 for beef samples and from 26 to 32 in salad samples. Samples with higher C T values than these were not considered positive, since they exceeded the detection limit. The differences between qPCR and conventional PCR could be due to the differences in the methods used and the fact that the amplicon used in qPCR was 65 bp (15, 16) , while the amplicon used in nested PCR was 169 bp (3). Therefore, qPCR was more sensitive than conventional PCR, at least for this particular assay. qPCR provides speed, robustness, reproducibility, and a lower contamination risk than nested PCR, in addition to the information yielded by the quantification of stx.
The sequence of the stx 2 gene (A and B subunits) carried by the phages isolated from food was determined by amplification and sequencing. Phage DNA from some of the samples with greater densities of stx 2 phages was selected for these studies. The sizes of the amplicons sequenced and used for comparison against previously described sequences varied depending on the sample, and as observed in Table 1 , some samples did not allow amplification of long amplimers with the primers used. Nevertheless, the samples showed the presence of stx 2 and stx 2 variants (mostly stx 2c and stx 2d ) ( Table 1) . In some cases, the sequences of amplified fragments showed 100% homology with several variant sequences available in GenBank, so it was impossible to determine the type of variant carried by the phage DNA of these samples. Despite the abundance of Stx phages in these samples, they showed acceptable microbiological levels ( Table 2) for human consumption by following European and U.S. regulations (2, 28) . European regulation determines aerobic colony counts between 5 ϫ 10 5 and 5 ϫ 10 6 ⅐ g Ϫ1 , E. coli counts between 50 and 500 CFU ⅐ g Ϫ1 in minced beef, and values of E. coli between 100 to 1,000 CFU ⅐ g Ϫ1 in precut vegetables (ready to eat) as acceptable. Most of these samples were also within the current limits imposed by U.S. regulation (standard plate counts of 1.0 ϫ 10 6 CFU ⅐ g Ϫ1 and E. coli counts of 100 CFU ⅐ g Ϫ1 in boneless beef) (28) . For salads, the U.S. Food and Drug Administration (FDA) (www.fda.gov) requires E. coli counts of Ͻ100 most probable number (MPN) ⅐ g Ϫ1 . There are no reports that these samples were associated with any kind of food-borne disease.
Additionally, stx 2 gene-carrying bacteria were not detected in the samples. Somatic coliphages, proposed as viral fecal indicators (1), were included in this study to evaluate the levels of the viral fecal load in the samples. Somatic coliphages showed very low values, indicating that samples were not pol- (15) . However, the general abundance of Stx phages in the samples analyzed does not determine whether these phages are infectious. To assess the infectivity of Stx phages, three bacterial host strains were selected according to their suitability for Stx phage propagation (19, 20) . We compared the densities of Stx phages from the original sample with the values of Stx phages obtained from the same volume but after propagating them in the bacterial enrichment culture.
Minced beef and salad samples were selected at random from the total pool of positive samples. We incubated the samples in an enrichment culture and compared the number of Stx phages (stx GCs) with that in the original sample (Table 3 ). The number of Stx phages was considered to have been increased by enrichment when they were significantly different (P Ͻ 0.05) from those counted before the enrichment, as calculated by paired t test.
In minced beef samples, 52 to 56% showed an increase in the densities of Stx phages after their propagation with the host strains. In salad samples, 39 to 65% showed a significant (P Ͻ 0.05) increase in the number of Stx phages after propagation ( Table 3 ). The increase indicates that, in many samples, the Stx phages were infective, although the level of propagation varied depending on the samples and the host strain. Furthermore, the presence of infectious Stx phages in 16 meat samples and 12 salad samples was enumerated by the double-agar-layer method using the three host strains. The presence of Stx phages was tested by plaque blot hybridization with the stx 2 probe. We detected only positive signals when using S. sonnei as the host strain but not when using the other two hosts. The Stx-positive plaques were excised from the agar's top layer and suspended in 50 l of double-distilled water, and the phage DNA was extracted (20) . The presence of the stx 2 gene in the phage DNA isolated from the plaques was further confirmed by PCR.
All together, we visualized and confirmed 40 positive Stx plaques of lysis. Of these, 8 plaques were isolated from 7 different salad samples, and 32 plaques were isolated from 21 different meat samples. Stx plaques were also observed in 20% of the supernatants of the corresponding enrichment cultures. We attempted to further propagate these phages, again using S. sonnei in a new culture, and to evaluate the propagation by qPCR. Although some increase in the number of GCs was detected after the culture enrichment, the difference in this case was not significant (P Ͼ 0.05), and we cannot confirm that the phages from the positive plaques of lysis were more infective. Another possibility would be that phages, instead of replicating in the host strains causing lysis, remained integrated in the bacterial genome and generated lysogens. However, after several attempts, no lysogens were isolated from the lytic spot area on the agar plate.
To our knowledge, there is no information about the burst size of Stx phages, which limits our ability to predict the increase in a replication cycle. The lack of replication of the Stx phages isolated from the plaques of lysis and the difficulty in visualizing the plaques hampered the burst-size studies. Some samples increased by only 10 2 stx GCs. We conclude that in these samples, only a few infectious particles were present, which induced few replication cycles. Otherwise, we would expect higher stx GC values. This might be because the Stx phage progeny generated after the first replication cycle was not further infective or because only a few particles from the progeny were infective. Although there are no experimental data to support it, a plausible hypothesis would be abortive infection in the host strain (10) . In abortive infection, the host cell interrupts phage development, resulting in the release of few or no progeny particles and the death of the infected cells. This lack of replication was also observed in the infectious Stx phages detected by plaque blotting and isolated from the plaques of lysis. In other samples, however, more Stx phages were detected after propagation (up to 10 7 GCs ⅐ 25 g
Ϫ1
). In these samples, infectious particles might have been originally present, or alternatively, the phage progeny generated might not have been The ratio of the number of infectious Stx phages to that of Stx phages detected by qPCR was estimated in previous studies (16) to lie between 1/10 and 1/1,000, depending on the Stx phage and the host strain used. If we apply this estimation to food samples, with densities of Stx phages exceeding 10 2 GCs/ml (Fig. 1) , some of these phages can be expected to be infectious.
A more complete morphological and genetic characterization of Stx phages was impossible, since attempts to propagate them were largely unsuccessful. This difficulty in isolating and propagating Stx phages has been reported previously (8, 20) , and it supports the use of culture-independent methods for their detection (15, 17, 23) . In addition, no stx lysogens were detected when we tested all the supernatants of the enrichment cultures using methods previously described (18, 25) . This was not surprising, since the generation of lysogens occurs with a low frequency in many cases and the number of free Stx phages in the samples did not guarantee the generation of lysogens (20, 25) .
The origin of the Stx phages found in food is unknown. However, high densities of Stx phages have been found in human and animal environments (15, 19) , pointing to an environmental origin. Many treatments and protocols applied in food treatment aim to eliminate pathogenic bacteria effectively, but they fail to inactivate Stx phages, if present, or the possible effect on induction and release of prophages from their lysogenic strains. The significance of this study is that infectious free Stx phages are present in commercial food samples, and to our knowledge, this feature has not been considered previously. The presence of Stx phages in food can cause stx transduction to the bacterial flora present in the matrices, as we previously demonstrated (14) , generating new STEC strains in the samples, perhaps during storage. In addition, ingestion of free Stx phages present in food can also lead to conversion of commensal gut bacteria, since stx transduction has previously been reported in vivo (6, 27) and because stx transduction in vivo seems to be more effective than that in vitro (27) . As far as we know, there are no reports indicating that stx transduction in food could be a relevant concern, probably due to the low frequency of phage and bacteria encounters in a given environment. However, it is possible under appropriate conditions and should not be ruled out. 
